The fate of internal proteins of T2 phages, during infection, has been studied. It has been shown that all of the internal proteins were transferred from phage to host during infection. This has been demonstrated by analysing the protein content of pure ghosts obtained after blending phage-infected bacteria. Most of the transferred internal proteins remained attached to virus DNA, which, in turn, was bound to bacterial membranes. Bacterial membranes isolated from T2-infected Escherichia coli contained DNA and internal proteins, which were identified by electrophoresis in polyacrylamide gels. It has been speculated that internal proteins facilitate a better binding of the virus DNA to the bacterial membrane and that this is one of the biological functions of these basic proteins.
INTRODUCTION
Internal proteins are basic proteins bound to the DNA of T-even coliphages (Hershey, 1955; Levine, Barlow & Van Vunakis, I958; Murakami, Van Vunakis & Levine, 1959; Minagawa, I96I; Chaproniere-Rickenberg, Mahler & Fraser, 1964) . During recent years, the properties of these proteins have been studied extensively (Bachrach & Friedmann, 1967; Kokurina, Braude & Tikhonenko, 1969; Bachrach, Levin & Friedmann, 197o; Dickson, Barnes & Eiserling, I97O; Laemmli, I97o; Stone & Cummings, I97O; Black & AhmadZadeh, I971 ; Black & Gold, 1971 ; Howard, Wotin & Champe, I972; Stone & Cummings, 1972; Showe & Black, I973) , but there exact function has not been elucidated as yet.
Previous studies (Levine et al. I958; Bachrach et al. 197o) indicated that internal proteins are transferred from phage to host during infection. In the present study we tried to answer the following questions: (I) Are all of the internal proteins transferred during infection? (2) Are internal proteins bound to phage DNA during infection ? (3) Are the transferred proteins bound to specific bacterial components ?
It will be shown that internal proteins from T2 phages are quantitatively transferred into the bacterial host, and that these transferred proteins remain attached to virus DNA. The injected DNA-protein complex is bound to the bacterial membrane.
METHODS

Strains.
A standard strain of Escherichia coli B and a wild type of T2 were used. Culture media and preparation of phage. Escherichia coli was grown with aeration at 37 °C in the synthetic M9 medium (Adams, 1959) . After reaching a density of 5 x io 8 cells/ml, the II8 U. BACHRACH, A. FRIEDMANN, R. LEVIN AND A. P. NYGAARD culture was infected with T2 phages at a multiplicity of 2 and aerated by shaking in a New Brunswick Gyratory shaker. Lysis began 3o to 4o min later, whereupon a few drops of chloroform were added to the culture. Shaking was continued for another 3o min to allow complete lysis. Cellular debris was then removed by centrifuging for Io min at 8ooo g in a Sorvall refrigerated centrifuge and phage concentrated by the two-phase separation method described elsewhere (Bachrach & Friedmann, I97 0. Radioactive phages were prepared by growing Escherichia coli in 25o ml quantities of M 9 medium (in which MgSO4 was substituted by 0-6 mM-MgC12 and 0.2 mM-Na2SO4) in the presence of either carrier-free [35S]-sulphate Uo/zCi/ml; Atomic Energy Commission, Nuclear Research Centre, Amersham, Great Britain). Phages were concentrated as above and purified by centrifuging in sucrose gradients (Bachrach & Friedmann, I97I) by layering samples of o. 5 to 2.o ml on the top of 30 ml of a sucrose gradient (I2"5 ~ at the top and 52"5 ~ in the bottom) prepared in TNP buffer (o'o5 M-tris-HC1, o'o5 M-NaC1 in o-oi Msodium phosphate buffer, pH 7"o). After centrifuging for 4 ° min at 1o0ooo g in a Spinco Model L2 ultracentrifuge (SW25 rotor, at 4 °C), phages were collected from the visible band and dialysed against TNP buffer at 4 °C. Samples were assayed for radioactivity (Meade & Stiglitz, 1962) in a Packard Model 3324 Tri Carb liquid spectrometer. The number of infective phage particles was determined by the double agar-layer method (Adams, I959) . The concentration of phage was usually 1"5 x Io 11 p.f.u./ml ~ 1.8 x lO 6 ct/ min. In some experiments DNA of T2 phages was labelled with [aH]-thymidine (I2'95 Ci/ retool, I/zei/ml).
Blending experiments. Escherichia coli B was grown in 25o ml quantities of M9 medium to a density of 5 x ios cells/ml. Bacteria were harvested by sedimentation, suspended in IO ml of adsorption medium (Hershey & Chase, I952: NaCI, 0"4 ~; K2SO4, o'5 ~; NazHPO4, 0"3 ~; MgSO4, t mM; CaCI2, o-I mM and gelatin, o.oi ~, pH 7"o) and washed twice with the same medium. After suspending in Io ml of adsorption medium bacteria were infected with radioactive phages at a multiplicity of 1 p.f.u./ml. The infected culture was shaken at 37 °C for 4 min whereupon chloramphenicol (at a final concentration of 3o #g/ml) was added. Unadsorbed phages (approx. lO ~) were removed by centrifuging at 8ooo g for Io min. Sedimented bacteria were suspended in IO ml blendor fluid (Hershey & Chase, 1952: MgSO~, I raM; CaCI~, o.I mM and gelatin, o.o2 ~, pH 7"o) along with deoxyribonuclease (final concentration of I o/zg/ml) and finally sheared in a MSE Waring Blendor for 14 min (at top speed). The suspension was incubated for 15 min at 37 °C and bacteria were then sedimented by centrifuging (8ooo g for IO rain), suspended in TNP buffer and sonicated for 3 min in a MSE ultrasonic sonicator. The supernatant fluid which contained empty ghosts and fragmented bacteria and phages was saved for the isolation of purified ghosts. Approx. 28 ~ of [35S]-labelled material was transferred from phage to host.
Purification of ghosts.
The supernatant fluid from the blending experiment was centrifuged at 3oooo g for 60 rain and sediment suspended in I.O ml TNP buffer. Empty ghosts were separated from fragmented particles by zonal sedimentation in a sucrose gradient as above. The purity of the ghosts, recovered from a visible band, was confirmed by electron microscopy.
Electron microscopy. Samples, dialysed against ammonium acetate buffer (o'3 M-ammonium acetate in 0"3 M-acetic acid, pH 7"o), were placed on 4oo-mesh copper grids which were coated with a thin film of formvar and stabilized with a layer of evaporated carbon. After I min, the edge of the grids was touched with a piece of a filter paper to remove excess fluid and samples negatively stained with I ~oo ammonium molybdate (pH 7"o) for one min. Specimens were photographed in a Phillips 300 electron microscope.
Transfer of internal proteins I 19
Isolation of internal proteins. Internal proteins were released from T2 phages by osmotic shock as follows: Phages (5 x m n p.f.u./ml ~ ~o 6 ct/min) were suspended in 5 M-NaC1 and rapidly diluted in 5o vol. of bi-distilled water. The resulting shockate was incubated with DNase (at a final concentration of IO/zg/ml) for 3o min at 37 °C; the concentration of NaC1 was brought to I M and suspension centrifuged at IOOOOO g for 5 h. The supernatant fluid which contained internal proteins, was dialysed against distilled water and finally concentrated by freeze-drying. Approx. 5"5 ~ of [asS]-labelled material was recovered from the supernatant fluid. Purified empty ghosts, obtained from the blending experiment were analysed for internal proteins after sedimentation at 3oooo g (for 6o rain) and resuspension in TNP buffer. Sonicated phage-infected bacteria, obtained from the blending experiment, were suspended in TNP buffer and analysed for internal proteins along with empty ghosts and internal proteins from T2 shockates according to Laemmli 097o) as follows: A CsC1 gradient was prepared in nitrocellulose tubes for a Spinco SW5o rotor with 0.8 ml layers in the following densities, starting at the bottom of the tube: I"55; I'46, I'38 and I'29 g/ml. Sucrose solution (IO ~, in TNP buffer -o.8 ml) was placed on the top of the last CsC1 layer. Samples (o'5 ml) were layered on to the sucrose layer, and tubes centrifuged for ~2o min at IOOOOO g at 5 °C. The top of the gradient, containing internal proteins, was removed by means of a pipette and ghost proteins (in the interface between the layers of densities of 1.29 to ~.38 g]ml) were collected by a Buchler polystatic pump. Bacterial components remained at the bottom of the tube (density higher than I'55 g/ml). solution was transferred to glass tubes (o.6 × IO cm) and allowed to polymerize in an upright position for 3o min. Samples to be analysed (o.oi ml) were added to equal vol. of a solution containing o.2 ~ SDS, I M-urea and o.2 ~ 2-mercaptoethanol, incubated at 37 °C for 90 min followed by heating at Ioo °C for ~ to 2 rain. Samples were then applied to the tops of the gels along with o'o4 ml of 6o ~o sucrose and one drop of a o'05 ~ bromophenol blue solution. The reservoirs were filled with SUM buffer (o.~ ~ SDS; 0"5 M-urea; o.~ ~ 2-mercaptoethanol in o.r M-sodium phosphate buffer, pH 7"2) and a current of 6 mA/gel (I 5 V/cm) was applied for 8 to 9 h. Gels were removed, frozen at -7o °C and autoradiograms prepared according to Fairbanks, Levinthal & Reeder 0965). Films were scanned in a model 2400 Gilford spectrophotometer.
Polyacrylamide gel electrophoresis.
Isolation of bacterial membranes. Membranes of phage-infected bacteria were prepared according to Haar (1967) as follows: Escherichia coli B was grown in 20oo ml quantities of M9 medium and then infected with T2 phages labelled with [a~S]-sulphate or [aH]-thymidine, at a multiplicity of 5 p.f.u./ml. After 4 min, the development of the phages was arrested by the addition of crushed, frozen TNP buffer which also contained chloramphenicol (final concentration 3o #g/ml). Infected bacteria were then harvested by centrifuging at 8ooo g for ro min, washed twice with TNP-chloramphenicol buffer and finally suspended in a solution containing O'4M-sucrose; o.I5M-tris-HC1 (pH6"4); lysozyme (2oo#g/ml) and DNase (IO #g/ml) in a final vol. of 15 ml. The suspension was then frozen and thawed three times to obtain spheroplasts. To prepare membranes, spheroplasts were osmotically shocked by rapid dilution into I5o ml quantities of tris-Mg buffer (o.o2 M-tris-HC1, pH 6"4, containing 5 mM-MgC12). After gentle agitation at 4 °C for 2o min, bacterial debris was removed by centrifuging at 8ooog for IO min and membranes were then sedimented from the super- natant fluid by high-speed centrifuging (30000 g for 20 min). After washing the membranes twice with tris-Mg buffer, they were suspended in a solution containing o-o5 M-tris-HC1 buffer, pH7"6; 2mM-MgC12 and o'3 ~ sodium deoxycholate. Membranes were then incubated at 37 °C for 60 min and purified by centrifuging in a Io to 3o ~ sucrose (in 5 ° mMtris-HC1, pH 7"6, 5 mu-MgCl2 and 2-5 mM-KC1) gradient at IOOOOO g for I8o min. Thereafter, extinctions were determined by pumping the gradient through a silica flow-cell and monitoring the E25~. Fractions of I.o ml each were then collected automatically and their radioactivity determined.
RESULTS
Quantitative transfer of internal proteins
To find out whether internal proteins were completely transferred from phage to host, it was essential to obtain clean preparations of both empty ghosts and phage-infected bacteria. Preliminary experiments showed that the conventional blending procedure did not yield infected bacteria devoid of phage particles. Electron microscopy, on the other hand, demonstrated that clean bacteria were obtained when phage-infected bacteria were sheared, then treated with DNase and finally sedimented by centrifuging. This additional treatment with DNase, which apparently released empty ghosts engulfed by extruded D N A ; was therefore used in subsequent experiments. The supernatant fluid obtained after shearing phage-infected bacteria, contained not only empty ghosts but also defective and fragmented phage particles. To obtain a pure preparation of empty ghosts, the supernatant fluid of the blending experiment was fractionated by zonal sedimentation as described under Methods. Approx. 2o ~ of the [3~S]-labelled material was recovered from the band corresponding to empty ghosts (density 1"29 to 1"38 g/ml). Electron microscopy (Fig. I) confirmed the purity of the fraction containing empty ghosts.
The purified preparations of empty ghosts and of blended phage-infected bacteria were then analysed for internal proteins according to Laemmli (I97O) by centrifuging in sucroseCsC1 gradients. Internal proteins, obtained from T2 phages (by osmotic shock) served as a marker. The sucrose layers, which contained internal proteins were then analysed by electrophoresis in polyacrylamide gels. Fig. 2 , confirms previous results that internal proteins are released from Tz phages during osmotic shock and may indeed be recovered from the sucrose fraction (Fig. 2a) . When infected bacteria were analysed, and [asS]-labelled material (lOO ooo ct/min) was fractionated by centrifuging, proteins which resembled internal proteins in their electrophoretic mobilities, were detected in the upper sucrose layer (Fig. 2b) . These proteins comprized I I ~oo of the total radioactivity. Quite surprisingly, similar proteins were also found in the sediment obtained after centrifuging in CsC1 (Fig. 2c) . This sediment (I3 ~ of the total radioactivity) had a density higher than 1.55 g/ml and presumably consisted mainly of DNA. It is remarkable that internal proteins were not dissociated from this dense material even in the presence of caesium chloride at high ionic strength. It should be emphasized that after disrupting T2 Transfer of internal proteins I23 phages, internal proteins were exclusively found in the sucrose and not in the CsC1 layer. When purified empty ghosts were analysed by the same procedure, internal proteins could not be found in the upper sucrose layer (Fig. 2 d) . It may therefore be concluded that during infection all the internal proteins were transferred from phages to bacteria and that a definite fraction of the transferred internal proteins was firmly bound to a component with a high buoyant density (DNA ?). The blending experiment described above shows that 28 of [~sS]-labelled proteins remained attached to bacteria after shearing, z4 ~ of these proteins appear to be internal proteins (x r ~ were recovered from the top sucrose layer obtained during the sedimentation and I3 ~ from the bottom layer). Hence, approx. 6 ~ of phage proteins, which behaved like internal proteins were recovered from phage-infected bacteria. This figure is very close to the percentage of internal proteins obtained from purified phage by osmotic shock (5"5 ~).
Binding of T2 internal proteins to bacterial membranes
The above-mentioned experiments suggested that all of the internal proteins were transferred from T2 phages to bacteria during infection and that at least some of them remained attached to a component with a high buoyant density. It was reasonable to assume that this component contained virus DNA, which in turn, was bound to some bacterial components. It has been well established that after infection, phage DNA is bound to bacterial membranes. It was therefore tempting to speculate that a complex consisting of T2 DNA-internal proteins and bacterial membranes was formed.
To test this hypothesis a culture of Escherichia coli was infected with T2 phages, labelled [asS]-sulphate and [aH]-thymidine and infected bacteria were then converted into spheroplasts. Bacterial membranes, which were subsequently obtained, were isolated and purified by sucrose gradient centrifuging as described under Methods. Fig. 3 a is an electron micrograph of phage-infected bacteria and shows the phages adsorbed to their host. The conversion of the infected bacteria into spheroplasts, resulted in the release of the adsorbed ghosts (Fig. 3b) and the loss of 91% of labelled proteins. Similarly, bacterial membranes (obtained by disrupting spheroplasts by osmotic shock), did not contain phages (Fig. 3 c) and only 5 % of labelled phage proteins. When bacterial membranes were purified by sucrose gradient centrifuging (Fig. 4) , a [aH]-thymidine-labelled material co-sedimented with another component labelled with [asS]-sulphate. The sedimentation coefficient of this complex resembled that of bacterial membranes (extinction at 254/~m). Electron microscope examination also showed that the double-labelled band contained bacterial membranes which were devoid of phages.
It may be inferred from this experiment that phage DNA and internal proteins were bound to bacterial membranes. To confirm the assumption that the [~sS]-labelled material which was bound to the bacterial membrane contained internal proteins, the membrane fraction was analysed by disc electrophoresis in polyacrylamide gels. It is evident from the membrane band contained radioactive proteins which behaved like internal proteins. It is also apparent that the sediment, obtained during the sedimentation, contained additional proteins, which may comprise phage fibres and tails (Fig. 5a) . The upper fraction of the sucrose gradient contained several proteins, some of which resembled internal proteins in their electrophoretic mobility (Fig. 5) . These proteins could have been released from the membranes during fractionation.
D I S C U S S I O N
Previous experiments (Levine et al. 1958; Bachrach et al. 197o) , indicated that internal proteins are transferred from phage to host, but the quantitative aspect of this transfer remained unsolved until now. We were able to show that all of the interna! proteins were transferred to the infected bacteria and that the empty ghosts did not contain any internal proteins, like the ghosts obtained by osmotic shock (Laemmli, 197o; I971) .
It is generally accepted that the injected phage DNA binds to bacterial membranes like the bacterial chromosome (Jacob, Brenner & Cuzin, 1963; Lark, 1966; Gilbert & Dressier, i968; Earhart et al. 1968; Ryter, Hirota & Jacob, 1968; Earhart, 197o; Shalitin & Nayot, I971) and that this is the site for DNA replication (Frankel et aI. 1968; Okazaki et al. I97O) and transcription (Harr, 1967) . It could therefore be predicted that internal proteins would accompany phage DNA and that both would be bound to bacterial membranes. This I26 U. BACHRACH, A. FRIEDMANN, R. LEVIN AND A. P. NYGAARD prediction was indeed verified experimentally. It is difficult to evaluate the significance of these findings and to relate them to the biological functions of phage internal proteins. It may be argued that if all of the internal proteins are transferred from phage to host, they cannot serve as the only condensation factors, since during infection the compact form of the DNA is converted into a flexible linear strand, and this transition occurs even in the presence of internal proteins. It is however feasible that cations and polycations (such as putrescine and spermidine), which are present in phages in high concentrations (Ames, Dubin & Rosenthal, 1958; Ames & Dubin, i96o) , contribute to the action of internal proteins, by neutralizing the negatively charged phosphates of the DNA (which usually repel each other) and thus render the DNA more compact. It is conceivable that the loss of cations from the phages during infection would change the conformation of the DNA, even in the presence of all the internal proteins. This speculation is in line with the theory of Zarybnicky (1969) , which explains the mechanism of DNA injection by the dissociation of cations and polycations from phage DNA. Should this be the physiological function of internal proteins, they would certainly be dispensible and could be replaced or substituted by other cations, the concentration of which is subject to environmental changes (Ames & Dubin, 196o ) . On the other hand, the association of internal proteins with phage DNA throughout the infection would not rule out a regulatory role. Results of the experiments reported in this paper suggest that internal proteins may have an additional function, namely, to facilitate a better binding of the virus DNA to the bacterial membrane. This speculation is based on the cationic nature of internal proteins, which would permit their binding to DNA and membranes, both of which are negatively charged. Such a preferential binding to the bacterial membrane would stabilize the phage DNA and protect it against nucleases and irradiation damage.
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